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Search for a light Higgs boson decaying to long-hved weakly-interacting particles in 
proton-proton collisions at y/s = 7 TeV with the ATLAS detector 
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The ATLAS Collaboration 

A search for the decay of a light Higgs (120 — 140 GeV) to a pair of weakly-interacting, long-lived 
particles in 1.94 fb~^ of proton-proton collisions at ^/s =7 TeV recorded in 2011 by the ATLAS 
detector is presented. The search strategy requires that both long-lived particles decay inside the 
muon spectrometer. No excess of events is observed above the expected background and limits 
on the Higgs boson production times branching ratio to weakly-interacting, long-lived particles are 
derived as a function of the particle proper decay length. 

PACS numbers: 12.60.-i,14.80.Da 



A Higgs boson [i|-yl below 140 GeV is particularly sen- 
sitive to new physics. Many extensions of the Standard 
Model (SM) include neutral, weakly-coupled particles 
that can be long-lived [4, 5] and to which the Higgs may 
decay. These long-lived particles occur in many models, 
including gauge-mediated extensions of the Minimal Su- 
persymmetric Standard Model (MSSM) [Ij, MSSM with 
R-parity violation [7], inelastic dark matter [g| and the 
Hidden Valley (HV) scenario Q . 

This letter presents the first ATLAS search for the 
Higgs decay, h^ — )■ Tr^TTy, to two identical neutral particles 
(tt^) that have a displaced decay to fermion— anti-fermion 
pairs. As a benchmark we take an HV model 9] in which 
the SM is weakly coupled, by a heavy communicator par- 
ticle, to a hidden sector that includes a pseudoscalar, the 
TTy. Due to the helicity suppression of pseudoscalar de- 
cays to low-mass // pairs, the n^ decays predominantly 
to heavy fermions, 66, cc and t^t~ in the ratio 85:5:8 
%. The weak coupling between the two sectors leads the 
TTy to have a long lifetime. Other, non-HV, models with 
the identical signature, where the n.^ is replaced with an- 
other weakly-interacting scalar or pseudoscalar particle, 
are discussed in Ref. [J, [ifll- Both Tevatron experiments, 
CDF and DO, performed similar searches for displaced 
decays in their respective tracking volumes, which lim- 
ited the proper decay length range they could explore to 
a few hundred millimeters [ll|, [l^] ■ 

In many of these beyond-the-SM scenarios, the life- 
time of the neutral states is not specified and can have 
a very large range. The current search covers a range of 
expected proper decay lengths extending to about 20 m 
by exploiting the size and layout of the ATLAS muon 
spectrometer. Consequently the experimental challenge 
is to develop signature-driven triggers to select displaced 
decays throughout the ATLAS detector volume [l3|. 

This analysis requires both ny decays to occur near 
the outer radius of the hadronic calorimeter (r ~ 4 m) 
or in the muon spectrometer (MS). Such decays give 
a (77, (p) cluster of charged and neutral hadrons in the 
MS. Requiring both tt^'s to have this decay topology 
improves background rejection. The analysis uses spe- 
cialized tracking and vertex reconstruction algorithms, 



described below, to reconstruct vertices in the MS. The 
analysis strategy takes advantage of the kinematics of 
the gluon fusion production mechanism and subsequent 
two-body decay, ft." — > 7r„7r.„, which results in events with 
back-to-back 7r„'s, by requiring two well separated ver- 
tices {AR = y/iAr])'^ + (A0)2 > 2) Q in the MS. 

The data used in this analysis were collected in the first 
half of 2011 with the LHC operating at 7 TeV. Applying 
beam, detector and data quality requirements resulted in 
a total integrated luminosity of 1.94 fb"'^. The integrated 
luminosity has a relative uncertainty of 3.7% (l5l.ll6|. 

Signal Monte Carlo (MC) samples were generated us- 
ing PYTHIA [ITI, 118| to simulate gluon fusion produc- 
tion {gg — >• /i°) and decay of the Higgs (ft" -^ nyiTy). 
Four samples were generated: m/jO = 120 and 
140 GeV and for each m^o two iTy masses of 20 
and 40 GeV. The predicted Higgs production cross 
sections [l9| are: o'(m/jO=120 GeV) = 16.6li^'g pb and 
cr (771/10 = 140 GeV) — 12.1^^g pb, and the branching ra- 
tio for ft" — >■ TTyTTy is assumed to be 100%. The response of 
the ATLAS detector was modeled with GEANT4 ^HH. 
The effect of multiple pp collisions occurring during the 
same bunch crossing (pileup) was simulated by superim- 
posing several minimum bias events on the signal event. 
The MC events were weighted so that the pileup in the 
simulation agrees with pileup conditions found in data. 

ATLAS is a multipurpose detector [22| consisting of 
an inner tracking detector (ID) surrounded by a super- 
conducting solenoid that provides a 2 T field, electromag- 
netic and hadronic calorimeters and a MS with a toroidal 
magnetic field. The ID, consisting of silicon pixel and 
strip detectors and a straw tube tracker, provides pre- 
cision tracking of charged particles for | 77 | < 2.5. The 
calorimeter system covers \ rj \ < 4.9 and has 9.7 inter- 
action lengths at 7/ = 0. The MS consists of a barrel 
and two forward spectrometers, each with 16 (j) sectors 
instrumented with detectors for first level triggering and 
precision tracking detectors for muon momentum mea- 
surement. Each spectrometer has three stations along the 
muon fiight path: inner, middle, and outer. In the barrel, 
the stations are located at radii of ~4.5 m, 7 m and 10 m, 
while in the forward MS, they are located at \z\ ~ 7.5 m, 



14 m and 20 m. This analysis uses muon tracking for 
I 77 I < 2.4, where each station is instrumented with two 
muhilayers of precision tracking chambers, Monitored 
Drift Tubes (MDTs). It also utihzes Level 1 [2?| (LI) 
muon triggering in the barrel MS (| ?? | < !)• The trigger 
chambers are located in the middle and outer stations. 
The LI muon trigger requires hits in the middle station to 
create a low px rnuon Region of Interest (Rol) or hits in 
both the middle and outer stations for a high px Rol. The 
muon Rols have a spacial extent of 0.2x0.2 in A77 x A(/) 
and are limited to two Rols per sector. 

A dedicated, sig nature-driven trigger, the muon Rol 
cluster trigger [13|, was developed to trigger on events 
with a Tiy decaying in the MS. It selects events with a 
cluster of three or more muon Rols in a Ai? = 0.4 cone 
in the MS barrel trigger chambers. This trigger con- 
figuration implies that one 7r„ must decay in the bar- 
rel spectrometer, while the second tTi, may decay either 
in the barrel or the forward spectrometer. With this 
trigger, it is possible to trigger on tt^, decays at the 
outer radius of the hadronic calorimeter and in the MS 
with high efficiency. The backgrounds of punch-through 
jets [2J] and muon bremsstrahlung are suppressed by re- 
quiring no calorimeter jets with _Et ^ 30 GeV in a cone 
of Ai? = 0.7 and no ID tracks with px > 5 GeV within 
a region of A77 x Ac/) = 0.2x0.2 around the Rol cluster 
center. These isolation criteria result in a negligible loss 
in the simulated signal while significantly reducing the 
backgrounds. 

As depicted in Fig. [TJa) [Hj , MC studies show the Rol 
cluster trigger is ~30 — 50% efficient in the region from 
4 m to 7 m. The tt^'s that decay beyond a radius of 
~7 m do not leave hits in the trigger chambers located 
at ^7 m, while the tt^ decays that occur before r ^4 m 
are located in the calorimeter and do not produce suf- 
ficient activity in the MS to pass the muon Rol cluster 
trigger. The tti/jO = 120 GeV and m-^^ — 40 GeV sample 
has a relatively lower efficiency because the tt^i's have a 
lower boost and arrive later at the MS. As a result the 
trigger signal may be associated with the incorrect bunch 
crossing, in which case the event is lost. 

The systematic uncertainty of the muon Rol cluster 
trigger efficiency is evaluated on data using a sample of 
events containing a punch-through jet. This sample of 
events is similar to signal events as it contains both low 
energy photons and charged hadrons in a localized region 
of the MS. These punch-through jets are selected to be in 
the barrel calorimeter (| 77 | < 1.4), have E^ > 20 GeV, 
at least four tracks in the ID, each with px > 1 GeV and 
at least 20 GeV of missing transverse momentum aligned 
with the jet. To ensure significant activity in the MS, the 
jet is required to contain at least 300 MDT hits in a cone 
of Ai? = 0.6, centered around the jet axis [26]. The muon 
Rol cluster trigger algorithm was run in the vicinity of 
the punch-through jet for both data and MC events. The 
distribution of Rols contained in the cluster for data and 
MC events, normalized to the number of data events, is 
shown in Fig. [51 The shapes of the distribution match 
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FIG. 1: a: Efficiency of the trigger, as a function of the radial 
decay position (r) of the 7r„. b: The vertex reconstruction 
efficiency for ttj, decays in the barrel for events that pass the 
muon Rol cluster trigger as a function of the radial decay 
distance. The error bars represent the statistical uncertainty 
on the efficiencies. 



well between data and MC events. A horizontal line fit to 
the ratio, as a function of NroI > 1, yields 1.14 ± 0.09, 
and 14% is taken as the systematic uncertainty. The 
effects of uncertainties in the jet energy scale (JES) [231, 
in the initial state radiation (ISR) spectrum [28|, and in 
the amount of pileup were found to be negligible when 
varying these quantities by their uncertainties. 

A specialized tracking and vertex reconstruction algo- 
rithm was developed to identify 7r„'s that decay inside 
the MS. The decay of a tti, results in a high multiplic- 
ity of lowpx particles (1 < px < 5 GeV) containing ^10 
charged particles and ^-^5 tt^'s clustered in a small AR 
region of the spectrometer. The tt^'s that decay before 
the last sampling layer of the hadronic calorimeter do not 
produce a significant number of tracks in the MS. Thus, 
detectable decay vertices must be located in the region 
between the outer radius of the hadronic calorimeter and 
the middle station of the MS. Over a wide range of ac- 
ceptance in the barrel MS, the total amount of material 
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FIG. 2: Distribution of number of events vs. number of muon 
Rols from punch-through jets contained in the muon Rol clus- 
ter for both data and MC events. The error bands on the QCD 
dijet MC histogram represent the 1-a statistical uncertainty. 



traversed is roughly 1.3 radiation lengths ^]; therefore, 
as a consequence of the ^-^5 tt^'s produced in signal events, 
large electromagnetic (EM) showers accompany the ^10 
charged particles from n^ decays. The resulting MS envi- 
ronment contains, on average, approximately 800 MDT 
hits, of which ~75% are from the EM showers. 

The design of the muon chambers [22l is exploited in 
order to reconstruct tracks in this busy environment. 
The separation of the two multilayers inside a single 
muon chamber provides a powerful tool for track pattern 
recognition. This separation provides enough of a lever 
arm to allow, in the barrel, a momentum measurement 
with acceptable resolution for tracks up to approximately 
10 GeV [2^. In the forward spectrometers, the muon 
chambers are outside the magnetic field region; therefore 
it is not possible to measure the track momentum inside 
of a single chamber. In both cases, the tracklets used in 
the vertex reconstruction are formed using hits in single 
muon chambers. 

The MS vertex algorithm begins by grouping the track- 
lets using a simple cone algorithm with AR — 0.6. In the 
barrel the tracklets are extrapolated through the mag- 
netic field, and the vertex position is reconstructed as 
the point in (r,z) that uses the largest number of track- 
lets to reconstruct a vertex with a x^ probability greater 
than 5%. In the forward spectrometer, the reconstructed 
tracklets do not have a measurement of the momentum; 
therefore, the vertex is found using a least squares regres- 
sion, that assumes the tracklets are straight lines. Ver- 
tices are required to be reconstructed using at least three 
tracklets, point back to the Interaction Point (IP) |30| 
and have | 77 | < 2.2. After requiring the MS vertex to be 
separated from ID tracks with px > 5 GeV and jets with 
Et > 15 GeV by AR = 0.4 and AR = 0.7, respectively, 
the algorithm has an efficiency of ^40% in signal MC 
events throughout the barrel region (4 < r < 7.5 m) and 
a resolution of 20 cm in z, 32 cm in r and 50 mrad in (h. 



In the forward spectrometer, the algorithm is ~40% ef- 
ficient in the region 8 < |z| < 14 m. Fig. [TJb)J2^ shows 
the vertex reconstruction efficiency for the barrel recon- 
struction algorithm in MC signal events that passed the 
muon Rol cluster trigger. 

The MC description of hadrons and photons in the MS 
was validated on the same sample of events containing a 
punch-through jet used to evaluate the trigger perfor- 
mance. The fraction of these jets that produce a MS 
vertex was compared in data and QCD dijet MC. Ta- 
bic U shows the fraction of punch-through jets that pro- 
duce a vertex in data and MC events as a function of the 
number of MDT hits in a cone of AR — 0.6 around the 
jet axis. The data-to-MC ratio is fit to a flat distribu- 
tion that yields a ratio consistent with unity with a 15% 
statistical uncertainty, which is taken to be the system- 
atic uncertainty in the vertex reconstruction efficiency. 
The systematic uncertainties arising from the JES, ISR 
spectrum and the amount of pileup were estimated by 
varying these quantities by their uncertainties and calcu- 
lating the change in the vertex reconstruction efficiency. 
The total systematic uncertainty of 16% for the efficiency 
of reconstructing a vertex is the sum in quadrature of the 
uncertainties in the efficiency of the isolation criteria due 
to varying the JES, ISR and pileup (3%, 3% and 2% re- 
spectively) and the uncertainty in the comparison of data 
and MC (15%). 



Number of 
MDT hits 



QCD dijet 
Monte Carlo 



Data 



300 < Nmdt < 400 10.1±2.2 % 9.1±0.5 % 

400 < Nmdt < 500 9.2±2.8 % 10.5±0.7 % 

500 < Nmdt < 600 13.1±5.4 % 13.0±0.9 % 

Nmdt > 600 16.5±4.5 % 16.7±0.7 % 

TABLE I: Fraction of punch-through jets that have a recon- 
structed vertex in the muon spectrometer for varying numbers 
of MDT hits for data and QCD Monte Carlo. 

The final event selection requires two good MS vertices 
separated by AR > 2. The background due to events 
with two jets, both of which punch through the calorime- 
ter, is a negligible contribution to the total background 
due to the tight isolation criteria applied to each vertex. 
The background is calculated using a fully data-driven 
method by measuring the probability for a random event 
to contain an MS vertex (Pvcrtox) and the probability 
of reconstructing a vertex given the event passed the Rol 
cluster trigger (Prcco)- Because Pvcrtcx and Prcco are mea- 
sured in data, they incorporate backgrounds from cosmic 
showers, beam halo and detector noise. The background 
is calculated as: 

NFake(2 MS vertex) = N(MS vertex,l trig)*P^^^^^^ 
+ N(MS vertex,2 trig)*Pj.^^^ 

N(MS vertex, 1 trig) is the number of events with a sin- 
gle muon Rol cluster trigger object and an isolated MS 
vertex. N(MS vertex, 2 trig) is the number of events 



with an isolated vertex and a second Rol cluster trigger 
object. The first term in the equation is the expected 
number of background events with one vertex that ran- 
domly contain a second vertex. Preco is the probabil- 
ity to reconstruct a vertex given there was an Rol clus- 
ter trigger; thus, the second term in the equation is the 
expected number of events with two Rol clusters that 
have two vertices in the MS. Pvortox was measured us- 
ing zero bias data [31| to be (9.7±6.9)xl0~^, and Preco 
was measured using the events that pass the muon Rol 
cluster trigger to be (l.ll±0.01)xlO~^. The expected 
signal would cause, at most, a relative change in Preco of 
~1%. Preco was also measured using a sample of events 
recorded when there were no collisions. In this sample of 
non-collision background events, Preco was measured to 
be (7.0±0.6) X 10^'^. For calculating the background, the 
larger value of Preco (1.11x10^^) is taken since it gives 
a conservative estimate of the background. N(MS ver- 
tex, 1 trig) and N(MS vertex, 2 trig) are 15543 and 1, 
respectively. Therefore, the background is calculated to 
be 0.03±0.02 events. 

No events in the data sample pass the selection re- 
quiring two isolated, back-to-back vertices in the muon 
spectrometer. Since no significant excess over the 
background prediction is found, exclusion limits for 
CT/jO x BR(/i° — ?► TTyTTy) are set by rejecting the signal hy- 
pothesis at the 95% confidence level using the CLs pro- 
cedure [33. Figure [3] shows the 95% CL upper limit on 
CT/jO xBR(/i'' — >■ 7ri,7r^)/crsM as a function of the tt^ proper 
decay length (cr) in multiples of the SM Higgs cross sec- 
tion, iJsM- As expected the Higgs and iVy mass combina- 
tions with the largest boosts leading to larger /37cr have 
the smallest exclusion limits. 

In 1.94 fb"-'^ oipp collision data at a center-of-mass en- 
ergy of 7 TeV there is no evidence of an excess of events 
containing two isolated, back-to-back vertices in the 
ATLAS muon spectrometer. Using the model of a light 
Higgs decaying to weakly-interacting, long-lived pseu- 
doscalars, limits have been placed on the pseudoscalar 
proper decay length. Table [H] shows the broad range of 
TTv proper decay lengths that have been excluded at the 
95% CL, assuming 100% branching ratio for h^ -> 7r„7r^. 
These limits also apply to models in which the Higgs de- 
cays to a pair of weakly-interacting scalars that in turn 
decay to heavy quark pairs. 

rrii^o (GeV) m^^ (GcV) Excluded Region 
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TABLE II: The excluded proper decay lengths (cr) of the 7r„ , 
at 95% CL, for each of the signal samples, assuming 100% 
branching ratio for the channel h'^ — >■ tv^ttv. 
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FIG. 3: Observed 95% upper limits on the process ft" — >■ 7r„7r„, 
vs. the TTi, proper decay length, expressed as a multiple of 
the SM cross section for Higgs production. Exclusion limits 
assume 100% branching ratio for the Higgs decaying to irv's. 
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K.E. Johansson"5a^ p. Johanssoni^s, S. Johnert^i, K.A. Johns^, K. Jon-And^^^^'^'i'^s'^, G. Jones«\ R.W.L. Jones^", 

T.W. Jones^^ T.J. Jones^^ O. Jonsson^^, C. Joram^s, P.M. Jorge^^Sa^ j joseph^^, T. Jovini^b^ x. Ju"\ 

C.A. Jung42, R.M. Jungst29, V. Jurancki24^ r Jussel^i, A. Juste Rozas", V.V. Kabachenkoi^^, S. Kabana^^ 

M. Kaci^^'^, A. Kaczmarska^^, P. Kadlecik^s, M. Kado"'^, H. Kagan^o*, M. Kagan^^, S. Kaiser^^, E. Kajomovitzi^i, 

S. Kalinini^3^ L.V. Kalinovskaya^^^ g Kama^^, N. Kanayai^"*, M. Kaneda^^, S. Kaneti^^, T. Kannoi^e, 

V.A. Kantserov9^ J. Kanzaki^^^ B. Kaplan""*, A. Kapliy^o, J. Kaplon^^, D. Kar^^, M. Karagounis^", 

M. Karagoz""^, M. Karnevskiy'^^ K. Karr^ V. Kartvelishvili"^" , A.N. Karyukhin^^T^ ^ Kashif"\ G. Kasieczka^^*", 

R.D. Kassl°^ A. Kastanas", M. Kataoka"*, Y. Kataoka*^'', E. Katsoufis^, J. Katzy^i, V. Kaushik^, K. Kawagoe'^^ 

T. Kawamoto^^'^, G. Kawamura®°, M.S. Kayl^o^^, V.A. Kazanin^o^ M.Y. Kazarinov*^"*, R. Keeler^^s, R. Kehoe^^, 

M. Keil^"*, G.D. Kekelidze^*, J. Kennedy'^^ C.J. Kenneyi'*^, M. Kenyon^^ O. Kepkai24^ N. Kerschen^s, 

B.P. Kersevan^^^ §_ Kersten^^^^ ^ Kessoku^^"*, J. Keungi^"^, F. Khalil-zada^o, H. Khandanyan^^'', A. Khanoyi", 

D. Kharchenko*^"^ a. Khodinov^s, A.G. Kholodenkoi^^, A. KhomichSS^, T.J. Khoo^^, G. Khoriauli^o, 

A. Khoroshilov"3^ N. Khovanskiy^^, V. Khovanskiy^"^ ^ Khramov^^, J. Khubua^^'^, H. Kimi^Sa.wsb^ j^/j g_ j^^^2^ 

P.C. Kimi42^ S.H. Kimi59^ N. Kimurai<^^ O. Kind^^, B.T. King^2^ j^/j Ring^e, R.S.B. King"^, J. Kirki28, 

L.E. Kirsch22, A.E. Kiryunin^^, T. Kishimoto6^ D. Kisielewska^"^, T. Kittelmanni22^ A.M. Kiveri27^ e. Kladiva^'^^b^ 

J. Klaiber-Lodewigs'^2^ y^^ Klein^2^ U. Klein^2^ j^ Kleinknecht*°, M. Klemetti^'^ , A. Klier^^^ P. Klinieki45a445b^ 

A. Klinientov24, R. Klingenberg42, E.B. Klinkby^^, T. Klioutchnikova29, P.P. Klok^o^^ S. Klousi""^ e.-E. Kluge^^'', 

T. Kluge^2^ R Kluiti04^ s. Kluth9^ N.S. Knechti", E. Kneringer^i, J. Knobloch29, E.B.F.G. Knoops82, A. Knue^*, 

B.R. Ko44, T. Kobayashii54^ m. Kobel'*^, M. Kociani42^ p. Kodysi25, K. K6nekc29, A.G. Konigio^^ S. KoenigS°, 

L. K6pke*^o, F. Koetsveld^o^^ R Koevesarki20, T. Koffas28, E. Koffemani"^^ l.A. Kogan"^, F. Kohn^"^ 2. Kohouti26, 

T. Kohriki^s, T. Koii'*2^ T. Kokott20, G.M. Kolacheyio^ H. Kolanoskil^ V. Kolesnikov^^, I. Koletsou^*^^, J. Koll^'^, 

D. Kollar29, M. KoUefrath^^ S.D. Kolya^i, A.A. Komar^^, Y. Komorii^^^ rp Roj^^o^s^ rp ^Q^Q4i,q^ ^.I. Kononov^^, 

R. Konoplichi"'^''', N. Konstantinidis'^^ A. Kootz"^^ S. Koperny^^, K. Korcyl^^, K. Kordasi^s^ V. Koreshevi27^ 

A. Korn"^, A. Korol^o'^, I. Korolkov", E.V. Korolkova^s, V.A. Korotkovi27^ Q. Kortncr^^, S. Kortner^^, 

V.V. Kostyukhin20, M.J. Kotamaki29, S. Kotov^^, V.M. Kotov^^, A. Kotwal^^, G. Kourkoumclis^, V. Kouskourai^^^ 

A. Koutsmanissa^ r. Rowalewskii^s, T.Z. Kowalski^^, W. Kozancckii^s^ A.S. Kozhini27^ V. Krali26, 

V.A. Kramarenko^®, G. Kramberger^^, M.W. Krasny^^, A. Krasznahorkay^°^, J. Kraus^^, J.K. Kraus2°, 

A. Kreiscli52^ p Krejci^^e^ j_ Kretzschmar^2^ ^_ Krieger^"*, P. Krieger^^^ K. Kroeninger^"*, H. Kroha^^ J. Kroll"^, 

J. Kroseberg2°, J. Krstic-^2a^ u. Kruchonak^^, H. Kruger2'', T. Kruker^^, N. Krumnack^^, Z.V. Krumshteyn^'* , 

A. Kruth20, T. Kubota^^, S. Kuehn^^, A. KugeP*^ T. Kuhl^i, D. Kuhn^i, V. Kukhtin^t, Y. Kulchitsky^s, 

S. Kuleshov^ib^ C. Kummer^^ M. Kuna^^ N. Kundu"^, J. Kunkle"^, A. Kupcoi24^ r. Kurashige^^^ y^_ Kurata*^^ 

Y.A. Kurochkin^^ V. Kus^^^^, E.S. Kuwertzl'*^ M. Kuze^^*', J. Kvitai'*\ R. Kwee^^, A. La Rosa''^, 

L. La Rotonda36a'36b^ j^ Labarga^^ J. Labbe^, S. Lablaki34a^ c. Lacastai^^^ p_ Lacavai^i'^.isib^ jj_ Lackeri^, 

D. Lacour", V.R. Lacuestai^'^, E. Ladygin^^, R. Lafaye", B. Laforge^^, T. Lagouri^^, S. Lai''^, E. Laisne5^ 
M. Lamanna29, G.L. Lampen^, W. Lampl'^, E. Lancon^^s^ r Landgraf"**, M.P.J. Landon^"*, H. Landsman^^^ 
J.L. Lane^i, G. Lange"**, A.J. Lankfordi62^ p. Lanni24, K. Lantzschi^^^ g Laplace^^, G. Lapoire20, J.F. Laporte^^s^ 
T. Lari*^'^, A.V. Larionov ^^'^ , A. Larner^*"^, G. Lasseur2^, M. Lassnig2^, P. Laurelli^"^, W. Lavrysen^**, P. Laycock'^2^ 
A.B. Lazarev64, Q. Le Dortz", E. Le Guirriec82, q Lg Maner*"^ e. Le Menedeu^ G. Lebel92^ t. LeGompte^ 

F. Ledroit-Guillon^s, R. Lee^o^^ j.s.R. Lee"^^ S.G. Lee^s", L. Lee^^^^ j^/j Lefebvrel'^^ M. Legendre^^s, A. Leger^^, 
B.G. LeGeyt"^, F. Legger^^, G. Leggett^^, M. Lehniacher20, G. Lehmann Miotto29, X. Lei*^, M.A.L. Leite23d, 

R. Leitneri25^ D. Lellouchi™, M. Leltchouk^^, B. Lemmer^^, V. Lendermann^^'^, K.J.G. Leney*'*'^'', T. Lenzi""*, 

G. Lenzeni^3^ B. Lenzi29, K. Leonhardt'*^^ S. Leontsinis^, G. Leroy92^ j_j^ Lessard^^s, J. Lesser^^Sa^ c.G. Lester27, 
A. Leung Fook Gheong"\ J. Leveque'', D. Levin*^, L.J. Levinson"°, M.S. Levitskii27^ a. Lewis"^, G.H. Lewis^o^, 
A.M. Leyko20, M. Leytoni^, B. Li82^ jj. Lii"'", S. LP^,*^ x. Li*^^^ 2. Liang"^'", H. Liao^^, B. Libertii32a^ 

P. Lichard29, M. Lichtnecker^^, K. Lie^*^", W. Liebig^^^ R. Lifshitzi^i, G. Limbach20, A. Limosani^s^ M. Limper62, 
S.G. Lini^O''', F. Lindeio^^ j.t. Linnemann^^, E. Lipeles"^, L. Lipinskyi24^ A. Lipniackai^, T.M. Uss^^^, 
D. Lissauer24, A. Lister49, A.M. Litke^^e, G. Liu28, D. Liu^^o, H. Liu^^^ J.B. Liu^^ M. Liu32b, S. Liu2, Y. Lm32b^ 
M. Livan"8a,ii8b^ g_g a. Livermore"^, A. Lleres^^, J. Llorente Merino^^ S.L. Lloyd^"*, E. Lobodzinska4i, P. Loch^, 
W.S. Lockniani36^ T. Loddenkoetter20, F.K. Loebinger^i, A. Loginovi^^^ Qy^_ Loh^s^^ T. Lohsel^ K. Lohwasser^s, 
M. Lokajiceki24^ j. Loken i", V.P. Lombardo'^, R.E. Long"^", L. Lopesi23a,b^ r_ Lopez Mateos'", J. Lorenz^^ 
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M. Losada^^i, P. Loscutoffi^^ p. Lo Sterzoi^i^aaib^ y^j_ L^^l-yissa^ X. Lou^o, A. Lounis"-*, K.F. Loureiroi^i, 
J. Love^i, P.A. Love™, A.J. Lowe^^^e^ p_ L^32a^ jj j Lubatti^^^, c. Luci"ia,i3ib^ ^ Lucotte^^ A. Ludwig''^, 
D. Ludwig4\ I. Ludwig^s, J. Ludwig4«, F. Luehring^o, G. Luijckxio", D. Lumb^s, L. Luminarii^ia^ e. Lund"^, 

B. Lund-Jensen"^ B. Lundberg^^, J. Lundbergi^^a.MSb^ j_ Lundquist^^ M. Lungwitz^°, G. Lutz9^ D. Lynn^"*, 
J. Lys", E. Lytken^^ H. Ma^^, L.L. Ma^^^, J.A. Macana Goia^^ G. Maccarrone^^ A. Macchiolo9^ B. MaceF^^ 
J. Machado Miguens^^Sa^ ^ Mackeprang^^, R.J. Madaras", W.F. Mader^^^ j^ Maenner^^^ T. Maeno^*, 

P. Mattigi73^ S. Mattig4i, L. Magnoni^s, E. Magradze^"^ y. Mahalalel^sz, K. Mahboubi^s, G. Mahouti^ 

C. Maianii3iaa3ib^ (j Maidantchik^^a, A. Maioi23a,b^ s. Majewski^^, Y. MakidaS^ N. Makovec^", P. Mal^s, 
B. Malaescu^s, Pa. Malecki^s, p. Malecki^s, V.P. Maleev^^o, p. Malek^^^ U. Mallik62, D. Malon^ C. Malone"^ 
S. Maltezos^, V. Malyshev^^'^ , S. Malyukov^^, R. Mameghani^'^, J. Mamuzic^^b, A. Manabe^^, L. Mandelli^^'', 

L Mandic'^3, R. Mandrysch^-'', J. Maneira^^^'', P.S. Mangeard^'^, L. Manhaes de Andrade Filho^^'", LD. Manjavidze'^'', 

A. Mann^^, P.M. Manning"'^, A. Manousakis-Katsikakis^, B. Mansoulie"^, A. Manz^^, A. Mapelli^^, L. Mapelli^^, 

L. March '^^, J.F. Marchand^^, F. Marchese^^^^''^^^'", G. Marchiori^'^, M. Marcisovskyi24^ ^ Marin^^'*, 

C.P. Marinoi68, p. Marroquim^^a, R. Marshall^\ Z. MarshalP^, F.K. Martens^", S. Marti-Garcials^ 

A.J. Martini'^-*^ ^ Martin^^, B. Martin^^ F.F. Martin"^ J.P. Martin^^ Ph. Martin^^ T.A. Martin", 

V.J. Martin"*^, B. Martin dit Latour^^, S. Martin-Haugh"*^, M. Martinez", V. Martinez Outschoorn^^, 

A.C. Martyniuk^''^, M. Marx^\ F. Marzano^^^*", A. Marzin"°, L. Masetti^°, T. Mashinio^^'', R. Mashinistov^^, 

J. Masik^i, A.L. Maslennikov^o^ L Massa^^^^'^^^, G. Massaro^O'', N. Massol'', P. Mastrandrea^i^aaib^ 

A. Mastroberardino^'^'^'^^^, T. Masubuchi^^", M. Mathes^", P. Matricon"", H. Matsumoto^^^, H. Matsunaga^^"*, 

T. Matsushita*56, C. Mattravers"'''^ J.M. Maugain^^, J. Maurer^^ S.J. Maxfield'^^^ D.A. Maximovi^^J^ p.N. May^ 

A. Mayne"8^ R. Mazinii^o, M. Mazur^o, M. Mazzanti^^^^, E. Mazzonii2ia,i2ib^ g p_ y^^ Kee^^, A. McCarni^*, 

R.L. McCarthyi47^ T.G. McCarthy^^ N.A. McCubbin^^s, K.W. McFarlane^^ J.A. Mcfayden^s^ H. McGlone^^^ 

G. Mchedhdze^i^, R.A. McLaren^^, T. Mclaughlani^, S.J. McMahon^^s, R.A. McPhersoni^SJ, A. Meade^^^ 

J. MechnichiO'', M. Mechtel"^^ m. Medinnis'*\ R. Meera-Lebbai"o, T. Meguro"^ R. Mehdiyev^^ S. Mehlhase^^, 

A. Mehta'^2^ x. Meier^^'', B. Meirose'^*^, C. Melachrinos^o, B.R. Mellado Garcia"\ L. Mendoza Navas^'^^ 

Z. Mengi50>«^ A. Mengarelhi^'^'is'", S. Menke^^, C. Menot^^, E. Meoni", K.M. Mercurio", p. Mermod''^, 

L. Merolai"!^'!"!'', C. Meroni^s^, F.S. Merritt^o, A. Messina^^, J. Metcalfei"^ A.S. Mete^^^ C. Meyer^o, C. Meyer^", 

J-P. Meycri35, J. Meyer^^^ J. Meyer^^, T.C. Meyer^^, W.T. Meyer^^ J. Miao32d^ S. MichaP, L. Micu^s^, 

R.P. Middletoni28, S. Migas^^ L. Mijovic^^, G. Mikenberg^™, M. Mikestikovai24^ M. Mikuz'^^^ J^^^ Miller^o, 

R.J. MiUer^^, W.J. Mills^'^^ C. MiUs^^ A. Milov^o, D.A. Milstead^^s^.^sb^ ^ Milstein^™, A.A. Minaenko^^^, 

M. Miiiano Moyai*^^, LA. Minashvih'^'' , A.L Mincer^^^, B. Mindur^'^, M. Mineev^^, Y. Ming^^^ L.M. Mir", 

G. MirabeUi^ia^ p. Miralles Verge", A. Misiejuk'^^^ J. Mitrevski^e^ G.Y. Mitrofanoyi^^^ y.A. Mitsoui*56^ 

S. Mitsui^s, P.S. Miyagawa"8^ K. Miyazaki^^, J.U. Mj6rnnlark^^ T. Moa"^'''"^'", P. Mockett"^, S. Moed", 

V. Moeller27, K. Monig^S N. Moser^o, S. Mohapatra^^^^ W. Mohr^s, S. Mohrdieck-Mock^s, A.M. Moisseeyi^^,*^ 

R. Moles- Vallsl''^ J. Mohna-Percz^^, J. Monk'^^ E. Monnier^^ S. Montesano^S'^'^^'", F. Monticelh^^, 

S. Monzani^^'^'i^'', R.W. Moore^, G.F. Moorhead*^^ C. Mora Herrera^^, A. Moraes^^, N. Morange^s, J. Morcl^'', 

G. Morello^S'^'^eb^ d. Moreno*^o, M. Moreno Llaceri^e^ p. Morettini'^O'*, M. Morii^^^, J. Morin^^, A.K. Morley^^, 

G. Mornacchi29, S.V. Morozov^^ J.D. Morris", L. Morvaj^oo^ h.G. Moser^^, M. Mosidze'^^'^, J. Mossl°^ 

R. Mount"^ E. Mountricha^''", S.V. Mouraviev^^ E.J.W. Moyse^^ M. Mudrinic^^b, p. Mueller^^^, J. Mueller^^z^ 

K. Mueller^o, T.A. Miiller^'^, T. Mueller^°, D. Muenstermann^^ , A. Muir^^^ Y. Munwes^^^^ W.J. Murray^^s^ 

L Mussche^O'', E. Mustoi"!^'!"!*", A.G. Myagkov^^^^ m. Myska^", J. Nadal", K. Nagai^^^, K. Nagano^^, 

Y. Nagasaka^^, M. NageP, A.M. Nairz^^, Y. Nakahama^^, K. Nakaniurai54^ T. Nakamurai^^, L Nakano^o^ 

G. Nanava^o, A. Napier^^^^, R. Narayan^^^, M. Nash'^^'^ N.R. National, T. Nattermann^o , T. Naumann'*^ 

G. Navarroisi, H.A. Neal*^^ g Nebot™, P.Yu. Nechaeva^^, A. Negri"8a,ii8b^ q Negri^^, S. Nektarijevic'*^ 

A. Nelsoni62^ S. Nelson"^^ t.K. Nelson"^^ s. Nenieceki24^ R Nemethy^o^^ A.A. Nepomuceno^^^*, M. Nessi^^-^, 

M.S. Neubaueri'54, A. Neusiedl*^°, R.M. Neves^o"^, P. Nevski^^, P.R. Newman^^ V. Nguyen Thi Hong^^s, 

R.B. Nickerson"^, R. Nicolaidou^^^, L. Nicolas^^^, B. Nicquevert^^, F. Niedercorn"^, J. Nielsen^^e^ j, jsjiinikoski^^, 

N. Nikiforou^*, A. Nikiforovi^, V. Nikolaenko^^^^ K. Nikolaev^^, L Nikohc-Audit^^, K. Nikohes^^, K. Nikolopoulos^*, 

H. Nilsen''*^, P. Nilsson^, Y. Ninomiya i^^, A. Nisati"!*", T. Nishiyama'^'^, R. Nisius^^, L. Nodulman^, M. Nomachi"^, 

L Nomidisi^^ M. Nordberg^^, B. Nordkvist"^^'"^^, P.R. Norton^^s, J. Novakovai^s, M. Nozaki^s, L. Nozka"^^ 

LM. Nugent^^*'', A.-E. Nuncio-Quiroz^o, G. Nunes Hanninger^^, T. Nunneniann^'^, E. Nurse^'^, T. Nyman^^, 

B.J. 0'Brien4^ S.W. O'Neale"'*, D.C. 0'Neil"i, V. O'Shea^^^ L.B. Oakes^^ E.G. Oakham^^'^, H. Oberlack9^ 

J. Ocariz", A. Ochi^e, S. Odai54, s. Odaka^^, J. Odier^^, H. Ogren^o, A. Oh«i, S.H. Oh^*, C.C. Ohm"^^^"^'^, 

T. Ohshimaioo, H. Ohshita"9, T. Ohsugi^^^ S. Okada^e, H. Okawa^^^^ y. Okumuraioo, T. Okuyamai^^^ 

A. Olariu^^''^, M. Olcese^o^, A.G. Olchevski^^, M. Oliveira^^Sa.ft^ jy OHveira Damazio^*, E. Ohver Garcial'^^ 

D. Ohvito"^, A. Olszewski's, J. Olszowska'^, C. Omachi^e, A. Onofrei^Sa.y, p.u.E. Onyisi'o, C.J. Orami^Sa^ 

M.J. Oreglia'o, Y. Oren^^^^ j^ Orestano"3a,i33b^ j Orloyio^, c. Oropeza Barrera^', R.S. Orr^", p. Osculati5°^'^°'', 
R. Ospanov"9, C. Osuna", G. Otero y Garzon^e, J.P. Ottersbachio^, m. Ouchrifi34d^ p.A. Ouellettel6^ 
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F. Ould-Saada"^ A. Ouraou^^^, Q. Ouyang^^'^, A. Ovcharova", M. Owen^i, S. Oweni^s, V.E. Ozcani^a^ 

N. Ozturk"^, A. Pacheco Pages", C. Padilla Aranda", S. Pagan Griso^'*, E. Paganis^^s^ p Paige24^ p. Pais^^^ 

K. Pajchel"^^ G. Palacinoi^^'^, C.P. Paleari^, S. PalestinP, D. Pallin^s, A. Palmai^Sa^ j.d. Palmer^^, Y.B. Pan^^i, 

E. Panagiotopoulou^, B. Panes^^''-, N. Panikashvili^'^ , S. Panitkin^"*, D. Pantea^^*", M. Panuskovai24^ y Paolone^^^, 
A. Papadelisi'^s^, Th.D. Papadopoulou^ A. Paramonov^ W. Park^^^^, M.A. Parker^^, F. Parodi^o^^^ob^ 
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